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ABSTRACT
An extraction circuitry is implemented in a microchannel condenser for R134a MAC systems. The extraction circuitry
has flow extraction through an orifice hole in the lower baffle of the second header. Different sizes of the orifice hole
are simulated by needle valve openings. An experimental comparison between the extraction mode and the
conventional mode of the condenser is conducted under the same operating conditions. On the heat exchanger level,
the extraction mode has been shown to lower the refrigerant outlet temperature by 2.4 K or have an increase of 4.7%
of the mass flow rate over the conventional mode. The optimal extraction flow rates for different subcooling of the
condenser are also investigated. By separating the extraction flow into a vapor flow and a liquid flow, the separation
efficiency and exit qualities of the second header can also be quantified. The effects of inlet mass flow rate and inlet
quality on the separation efficiency are studied.

1. INTRODUCTION
During flow condensation, liquid on the wall of the condenser is an extra thermal resistance reducing heat transfer.
Removing the liquid phase during condensation may help to improve the condenser's performance. Figure 1 presents
the concept of liquid extraction in a microchannel condenser in our previous study (Li et al., 2021a). The condenser
with extraction (extraction condenser hereafter) is designed to extract liquid in the vertical second header through
well-designed holes in its lower baffle to the inlet of the 4th pass. If the liquid can be drained efficiently, the flow rate
in downstream passes will be smaller, thus effectively reducing the pressure drop. Besides, flow at the inlet of the
downstream pass is close to the onset of condensation, where the HTC is the highest, so the capacity for that pass may
be increased. The design does not incur too much additional cost besides punching these holes in the baffle.
Figure 2 shows the nomenclature for quantification of the liquid and vapor extraction in the second header. Two
efficiencies are defined for liquid and vapor, respectively. The liquid extraction efficiency, ηL, is defined as the ratio

Figure 1: Extraction of liquid in a 4-pass microchannel condenser (Li et al., 2021a)
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Figure 2: Extraction of liquid in a 4-pass microchannel condenser
of the liquid mass flow rate through the extraction hole to the total liquid mass flow rate coming into the header, as
shown by Eq. (1). The vapor separation efficiency, ηV, is evaluated as the ratio of the vapor mass flow rate going into
the downstream pass to the total vapor mass flow rate entering the header, as shown by Eq. (2).

L 
V 

m L,ex
m L,ex  m 2Li
m 2Vi
m 2Vi  m V,ex

(1)

(2)

where 𝑚 , and 𝑚 , are the vapor mass flow rate and liquid mass flow rate extracted through the extraction
hole; 𝑚 and 𝑚 are the vapor mass flow rate and liquid mass flow rate at the inlet of the 2nd pass. The range for
both ηL and ηV is [0, 1].
The objective of this study is to experimentally evaluate the phase separation efficiency in the second header of the
extraction condenser as shown in Figure 1 and the improvement of the condenser as a function of the separation
efficiencies. Using an experimentally validated model, the improvements at different separation efficiencies are
analyzed and compared.

2. FACILITY AND MEASUREMENTS
Figure 3 illustrates the test facility for the MAC system for the experiments. The system consists of an open compressor,
a microchannel condenser of interest, a receiver on the high-pressure side, an electric expansion valve, and a
microchannel evaporator. The compressor is an ACDelco swash-plate compressor with a fixed displacement of 165

Figure 3: Schematic drawing of the A/C system test facility
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cm3 REV-1. The evaporator is a two-slab four-pass microchannel evaporator with an overall dimension of W254mm
× H225mm × D39mm. It has 58 microchannel tubes in total and a fin density of 10 fins per inch. The total heat transfer
area on the air side is 2.87 m2. The condenser of interest is tested in the wind tunnel in the outdoor environmental
chamber. An external R404A chiller removes the heat dissipated by the condenser and the electrical heaters in the
outdoor chamber. The air flow rate is controlled by a variable-speed blower in each of the wind tunnels. The flow rate
is deducted from the pressure drop and temperature at the flow nozzle downstream of a heat exchanger. Immersed
type-T thermocouples and absolute and differential pressure transducers are placed along the refrigerant circuit for
depicting the refrigeration cycle. Catalog information for each component in the MAC system and the test facility can
be found in Feng and Hrnjak (2015).
Figure 4 shows the condenser modified to be able to run in two modes: the conventional mode and the extraction
mode. Instead of punching a hole in the lower baffle of the second header, a bypass for the 2nd and the 3rd pass is
installed to simulate the extraction. Along the bypass, the extracted flow first comes across an impacting T-junction
separator, in which the liquid and vapor flows completely separate from each other. The vapor flow enters the vapor
extraction tube, and the liquid flow enters the liquid extraction tube. The flow rate for each phase is then measured by
a mass flow meter downstream, respectively. Downstream of the mass flow meter on each extraction tube, a needle
valve is also installed to simulate the size of the extraction hole. The sizes of the needle valve and extraction tube are
chosen based on 1) the pressure drop balance between the flows in the extraction tube and the 2nd pass and the 3rd pass;
2) the maximum opening allows the highest liquid flow rate from the second header to flow through at several nominal
conditions.
When the needle valves are shut, the flow rate in the extraction path will be zero; the condenser is in the conventional
mode. When the needle valves are open, the extraction tube allows a certain flow rate to be drained out of the second
header; the condenser is in the extraction mode. The flow coming out of the 3rd pass recombines with the extracted
flow at the inlet to the 4th pass.
Table 1 presents the main geometrical dimensions of the condenser. More information about the test facility and the
condenser geometry is referred to (Li et al., 2021a).
Data reduction for the heat exchanger capacities and the system COP is referred to (Li et al., 2021a). Using
uncertainties for measured variables presented in Table 2, an uncertainty analysis of the calculated parameters is
carried out in EES (2019). Independently obtained air-side capacity and refrigerant-side capacity were within a
difference of ±1.5%. The total uncertainties of Q and COP are estimated to be ±1.5% and ±1.75%, respectively.

3. RESULTS AND DISCUSSION
3.1 Heat-exchanger-level comparison
We adopt the two criteria in Table 3 to compare the extraction mode and the conventional mode of the condenser.
Expansion valve opening, compressor speed, and evaporator air velocity are adjusted together to maintain the target
constants for each criterion. For each test condition, the condenser has subcooled refrigerant at the outlet to determine
the refrigerant specific enthalpy (hr). Based on the thermophysical properties of refrigerants, in the superheated or the

Figure 4: Condenser modified to run in both the conventional mode and the extraction mode
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Table 1: Main geometrical dimensions of the microchannel condenser in Figure 4
Item
Width w. headers [mm]
Width w/o headers [mm]
Width covered by fin [mm]
Height w/ side plates [mm]
Height w/o side plates [mm]
Depth [mm]
MC tube thickness [mm]
MC tube pitch [mm]
MC port Dh [mm]

Value
620
590
575
405
390
16.3
1.0
7.8
0.67

Item
Number of MC ports per tube [-]
Fin thickness [mm]
Fin pitch [mm]
Louver pitch [mm]
Louver length [mm]
Louver angle [-]
Header type
Header equivalent diameter [mm]

Value
16
0.1
1.53
0.77
6.0
27
D-shape
18.0

Table 2: Uncertainties of the instruments
Measurement
Refrigerant pressure
Refrigerant pressure drop
Air-side pressure drop
Temperature
Refrigerant mass flow rate
Compressor speed
Compressor torque

Unit
kPa
kPa
Pa
°C
g/s
N·m

Uncertainty
±1
±1
±1 %
±0.1
±0.1
±0.25 %
±0.042

Table 3: Criteria for the heat-exchanger-level comparison between the two condenser modes
Constants
Refrigerant-oil-mixture side
Exit enthalpy
criterion
Condensate flow
rate criterion

Air side

Parameter to
compare

Mass flow rate ṁm, condenser
mixture inlet pressure Pcmi,
condenser mixture inlet
temperature Tcmi, OCR

Condenser air inlet velocity vcai,
condenser air inlet temperature Tcai,
condenser air inlet relative
humidity RHcai

Condenser
mixture outlet
specific enthalpy
hcmo

Pcmi, Tcmi, hcmo, OCR

vcai, Tcai, RHcai

ṁm

subcooled region, the specific enthalpy of a refrigerant is almost only a function of the temperature and is much less
of a function of the pressure. Therefore, a lower temperature (Tcmo) means a lower hcmo.
For the exit enthalpy criterion in Table 3, the condenser with a lower Tcmo (hcmo) has a higher capacity, thus it is more
effective. For the condensate flow rate criterion in Table 3, the condenser with a higher ṁm has a higher capacity, thus
it is more effective.
R134a is the working fluid and PAG 46 is the oil for the compressor. Figure 5 shows the result using the exit enthalpy
criterion. The effect of ṁex on the improvement by extraction is presented for each inlet condition. On top of that, the
effect of ṁm on the improvement is also revealed. Figure 5(a) and (b) are for ṁm = 40 g/s. The left-most data point
(ṁex = 0) denotes the conventional mode. As the valves on the extraction tubes are opened more, the condenser is in
the extraction mode and there is a higher ṁex. Figure 5(a) shows all the extraction modes have a lower Tcmo than the
conventional mode. In addition, there is an optimal ṁex which gives the lowest Tcmo. The optimal ṁex is equal to 7.9
g/s for this inlet condition.
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Figure 5: (a) Tcmo vs. ṁex and (b) ∆P vs. ṁex at inlet condition ṁm = 40 g/s, OCR = 5%, Pcri = 1544 kPa, Tcri = 77.7
˚C, Tcai = 40 ˚C, vcai = 3 m/s; (c) Tcmo vs. ṁex and (d) ∆P vs. ṁex at inlet condition ṁm = 25 g/s, OCR = 5%, Pcri = 1361
kPa, Tcri = 82.5 ˚C, Tcai = 40 ˚C, vcai = 3 m/s
The reason for the higher performance of the extraction mode can be explained by Figure 5(b): the extraction mode
has a lower ∆Pc compared to the conventional mode. As the extraction valves are opened more, the flow resistance of
the 2nd pass and the 3rd pass decreases, so the total pressure drop ∆Pc becomes lower. To prove that, the pressure drop
in the passes is also shown besides the total pressure drop ∆Pc. While ∆P1 does not change much as ṁex increases, the
reduction in ∆P2-3 and ∆P4 results in the lower ∆Pc. While the flow resistance of the 4th pass does not change, the
reduction in ∆P4 is because of the lower quality in it as the condenser capacity goes up.
However, the performance indicator Tcmo does not decrease monotonically as ṁex increases. That is because of the
trade-off in HTCr. As ṁex increases, the mass flow rate in the 2nd pass, ṁ2ri (= ṁ2Li + ṁ2Vi), decreases which decreases
the HTCr. When the increase in LMTD does not compensate for the reduction in HTCr, the condenser capacity drops.
Figure 5(c) and (d) are for ṁm = 25 g/s. Most extraction modes still outperform the conventional mode. The optimal
ṁex for this inlet condition is equal to 5.0 g/s, which is the highest ṁex in the tested range. This indicates that the larger
LMTD of the extraction mode dominates its trade-off in HTCr.
Figure 6 shows the normalized optimal ṁex at different values of ṁm. All conditions have a subcooling at the condenser
outlet, SC, around 5 K. It can be observed that the optimal ṁex is about 20% of ṁm in the tested range.
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Figure 6: Optimal ṁex at various ṁm when subcooling is about 5 K
Besides the effect of ṁm, Figure 7 demonstrates the effect of x1ro on the improvement by extraction. Figure 7(a) and
(b) show the condition which has x1ro ≈ 0.61 and SC = 5 ± 2 K. The trend of Tcmo as a function of ṁex is similar to
Figure 5(a): the extraction modes have lower Tcmo than the conventional mode, with the optimal ṁex = 8.5 g/s which
is about 20% of ṁm.
From Figure 7(b), the increase in ∆Pc at the last two values of ṁex is mainly because of the increase in ∆P4. The reason
behind that is because of the deteriorating heat transfer performance in the 2nd and the 3rd passes, which results in
higher inlet quality to the 4th pass x4ri. The higher quality in the 4th pass contributes to the higher ∆P4.
However, when x1ro is lower, the scenario becomes much different. Figure 7(c) and (d) show the condition which has
x1ro ≈ 0.45 and SC = 20 ± 1 K. It can be seen that the extraction modes have almost the same Tcro as the conventional
mode with also slight changes in ∆Pc as shown by Figure 7(d). As ṁex becomes higher than 3.4 g/s, the performance
of the extraction mode actually becomes lower as ṁex increases.
The reason for that can be explained as the following: when x1ro is as low as 0.45, the two-phase frictional factor
coming into the 2nd pass for the conventional mode is small. Therefore, even when ṁ2ri becomes lower in the extraction
mode, it will not incur too much variation on ∆P2-3 and thus ∆Pc. On the other hand, HTCr is lowered by the lower
ṁ2ri. The reduction caused by lower HTCr dominates the slight benefit of LMTD. Hence, the capacity becomes lower
as ṁex becomes higher than 3.4 g/s.
Figure 8 plots the normalized optimal ṁex as a function of x1ro. Apparently, when x1ro is lower than 0.52, the optimal
ṁex is around 8% of ṁm. But as x1ro turns higher, the normalized optimal ṁex becomes higher until 20%. The conclusion
can be drawn that a higher effectiveness of the 1st pass requires less extraction, the normalized ṁex.
For the comparisons using the condensate flow rate criterion in Table 3, Figure 9 shows the condensate flow rates, ṁm,
of the conventional mode and the extraction mode with different valve openings. The extraction mode consistently
has a higher ṁm than the conventional mode. Not surprisingly, Figure 9 also shows there is an optimal ṁex for the
extraction mode at each inlet air speed. The highest improvement of ṁm reaches 4.7%, which happens at vcai = 3 m/s
and ṁex = 10.6 g/s.
The improvement by extraction is a function of the air inlet condition. Figure 9 demonstrates the improvement is
bigger at low vcai: the highest improvement at vcai = 3.7 m s-1 is 2.5%. It is because lower vcai increases the average
refrigerant quality in the condenser and thus the refrigerant-side pressure drop. When the pressure drop is higher, the
advantage of extraction is more significant.
Table 4 shows the pressure drop and capacity of the conventional mode and the extraction mode in Figure 9. Although
the extraction mode has a higher ṁm, the ∆Pc value of the extraction mode is actually lower than the conventional
mode thanks to the extraction circuitry. From the heat transfer point of view, the lower ∆Pc gives rise to a higher
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Figure 7: (a) Tcmo vs. ṁex and (b) ∆P vs. ṁex at inlet condition ṁm = 43.3 g/s, OCR = 5%, Pcmi = 1588 kPa, Tcmi =
84.2 ˚C, Tcai = 40 ˚C, vcai = 3 m/s. (c) Tcmo vs. ṁex and (d) ∆P vs. ṁex at inlet condition ṁm = 43.2 g/s, OCR = 5%, Pcmi
= 1762 kPa, Tcmi = 84.1 ˚C, Tcai = 40 ˚C, vcai = 3 m/s

Figure 8: Optimal ṁex at various x1ro when ṁm = 43.3 g/s
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Figure 9: Mass flow rate ṁm for the two modes at the same Tcmi, Tcmo, and Pcmi (vcai = 3 m/s: Pcmi = 1588 kPa, Tcmi =
84.2 ˚C, Tcmo = 50.3 ˚C, OCR = 5%, Tcai = 40 ˚C; vcai = 3.7 m/s: Pcmi = 1494 kPa, Tcmi = 87.9 ˚C, Tcmo = 47.8 ˚C, OCR
= 5%, Tcai = 40 ˚C)
Table 4: Pressure drop and capacity comparison between two condenser modes for conditions in Figure 9
vcai = 3 m/s
Conventional mode
Extraction mode

vcai = 3.7 m/s

∆Pc [kPa]

Qc [W]

∆Pc [kPa]

Qc [W]

142.7

7615

126.7

7478

115.3 – 125.4

7862 – 8026

95.5 – 102.9

7513 – 7611

LMTD, so Qc of the extraction mode is higher.

3.2 Separation efficiency in the second header
Besides the condenser improvement by extraction, it is also of interest to investigate the separation efficiency in the
second header. While ṁL,ex and ṁV,ex in Figure 2 are measured by the mass flow meters on the extraction tubes, the
inlet quality to the second header, x1ro, is calculated using the 1-D numerical model developed and experimentally
validated in Li et al. (2021b). Once x1ro is calculated, ηV and ηL can be derived based on Eq. (1) and Eq. (2).
Figure 10 shows the effect of inlet mass flow rate, ṁm, on the phase separation result in the second header by comparing
40 g/s and 20 g/s. For both (a) and (b) of Figure 10, ηV turns higher as a result of the smaller opening of the extraction
valves. From Figure 10(a), two observations can be drawn: (1) phase separation happens in the second header because
xex < x1ro < x2ri for both values of ṁm. (2) ṁm of 40 g/s incurs less separation compared to 20 g/s. That is because, with
a higher flow rate, the two-phase flow in the header is churned more so that the flows at the two exits are more similar.
But overall, the xex and x2ri are pretty apart from each other thanks to the high values of ηV, which leaves low xV,ex.
Figure 10(b) more clearly shows the same phenomenon by using ηL. First, ηL reduces as ηV increases. This is because
the liquid entrainment into the 2nd pass turns higher with a higher ṁ2Vi, which causes a lower ṁL,ex. Then, based on Eq.
(1), ηL reduces. Second, at the same value of ηV, ηL of 25 g/s is higher than 40 g/s, which demonstrates more separation
with a lower ṁm.
Figure 11 shows the effect of inlet quality, x1ro, on the phase separation result in the second header by comparing 0.57
and 0.45. It is worth noting that these two values are already near the limits of x1ro for normal subcooling of the
condenser: x1ro = 0.57 causes the subcooling to be around 6 K while x1ro = 0.45 causes it to be around 20 K. Figure
11(a) shows again that xex < x1ro < x2ri for both values of x1ro and xex and x2ri are well apart in value. The fact that the
values for x1ro = 0.57 are higher than the values for x1ro = 0.45 at the same value of ηV is mainly a result of mass
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Figure 10: Effect of mass flow rate on separation in the second header: (a) x2ri and xex as functions of ηV; (b) ηL as a
function of ηV (ṁm = 40 g/s, OCR = 5%, Pcmi = 1544 kPa, Tcmi = 77.7 ˚C, Tcai = 40 ˚C, vcai = 3 m/s; ṁm = 25 g/s, OCR
= 5%, Pcmi = 1361 kPa, Tcmi = 82.5 ˚C, Tcai = 40 ˚C, vcai = 3 m/s)

Figure 11: Effect of inlet quality on separation in the second header: (a) x2ri and xex as functions of ηV; (b) ηL as a
function of ηV (ṁm = 43.1 g/s, OCR = 5%, Pcmi = 1606 kPa, Tcmi = 80.5 ˚C, Tcai = 40 ˚C, vcai = 3 m/s; ṁm = 43.2 g/s,
OCR = 5%, Pcmi = 1762 kPa, Tcmi = 84.1 ˚C, Tcai = 40 ˚C, vcai = 3 m/s)
conservation.
Figure 11(b) shows that x1ro has little effect on ηL in the experimental range, as the curve for x1ro = 0.45 overlaps with
the curve for x1ro = 0.57. Again, ηL reduces as ηV increases for the same reason as Figure 10(b). The reason why there
is little difference between x1ro = 0.45 and x1ro = 0.57 can be explained from the void fraction point of view. The liquid
entrainment is mainly a function of the vapor velocity, and the vapor velocity is mainly a function of the void fraction.
Because of the large density difference between R134a vapor and liquid, x1ro = 0.45 and x1ro = 0.57 have close values
of void fraction. Therefore, the vapor velocity is about the same and so is ηL at the same value of ηV.

4. CONCLUSION
An extraction circuitry is implemented in a microchannel condenser of an R134a MAC system. An experimental
comparison to a conventional mode of the condenser is conducted under the same operating conditions.
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On the heat exchanger level, the extraction mode has been shown to lower the refrigerant outlet temperature by 2.4 K
or have an increase of 4.7% of the mass flow rate over the conventional mode. On the system level, when the cooling
capacity is matched, the COP improvement is up to 5.2%.
Higher effectiveness of 1st pass requires less extraction: 20% of the total flow rate is the optimal extraction flow rate
when subcooling is around 5 K; while 8% is when 20 K.
For a typical x1ro in the range of 0.55 – 0.65, xex is in 0.05 – 0.2. ηL reduces as ηV increases. ηL is higher at lower ṁr.
x1ro has little effect on ηL.

NOMENCLATURE
A
D
G
HTC
𝑚
MAC
OCR
P
Q
RH
SC
T
x
η
Subscripts
1ro
2Li
2ri
2Vi
3ro
c
cai
cmi
cmo

(m2)
(m)
(kg/m2-s)
(W/m2-K)
(g/s)

heat transfer area
diameter
mass flux
heat transfer coefficient
mass flow rate
mobile air conditioning
oil circulation ratio
pressure / pitch
capacity
relative humidity
subcooling
temperature
vapor quality
separation efficiency
1st-pass refrigerant outlet
2nd-pass liquid inlet
2nd-pass refrigerant inlet
2nd-pass vapor inlet
3rd-pass refrigerant outlet
condenser
condenser air inlet
condenser mixture inlet
condenser mixture outlet

(-)
(kPa) / (mm)
(kW)
(-)
(K)
(°C)
(-)
(-)
ex
h
L
m
o
r
sat
V

extraction
hydraulic
liquid
refrigerant-oil mixture
oil
refrigerant
saturation
vapor
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